To determine the ability of mutations in glnA, the gene for glutamine synthetase (GS), to regulate nitrogen assimilatory enzymes, we assayed histidase and GS in 34 ginA (Gln-) strains. Twenty-five glnA mutants were RegC, synthesizing high levels of histidase regardless of the availability of nitrogen, and nine were Reg-, synthesizing low levels of histidase in medium containing either limiting or excess ammonia. rho mutations were introduced into strains containing glnA point mutations or insertions in glnA, glnL, gInG, or glnF. The Reg-phenotype of strains with glnA point mutations, but not those with glnA or glnF insertions, was altered by the presence of rho, suggesting that glnA (Reg-) mutations are polar and exert their phenotype by decreasing expression of glnL and glnG. Consistent with this view, no GS protein was detected by two-dimensional gel electrophoresis in glnA (Reg-) rho' or glnA (Reg-) rho double mutants, whereas GS protein was detected in cells of 10 of 11 glnA (RegC) strains. Since glnA (Reg-) rho double mutants synthesize constitutive levels of histidase, GS protein is not necessary for full expression of histidase. Mu dl insertions in glnL, but not those in glnG, responded to the presence of a rho allele, presumably owing to elevated transcription into gInG from the Mu dl prophage. Our results suggest that glnA (Reg-) alleles are polar mutations, and a rho-dependent termination site downstream is postulated as the basis for the polar phenomenon. The data also indicate that, under some circumstances, a significant portion of glnL and glnG transcription is initiated at the glnA promoter.
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The field of regulation of bacterial pathways involved in nitrogen metabolism has been dominated for the past decade by a unifying model, that the biosynthetic enzyme glutamine synthetase (GS), the product of the glnA gene, serves as a general transcriptional effector. A variety of data lead to this model. Original physiological investigations indicated a correlation between cellular levels of GS and Hut (histidine utilization) enzymes in cells grown with excess and limiting ammonia (3, 22) . A causal relationship between levels of GS and synthesis of Hut enzymes was inferred from genetic results: mutants affected in GS levels display concomitant alterations in histidase levels. Mutations that map in g1n4 and result in glutamine auxotrophy (Gln-) alter the regulation of nitrogen assimilatory enzymes in one of two distinct ways. Some Gln-glnA mutants show constitutive production of enzymes normally repressed by ammonia such as the Hut enzymes (RegC). Other GinglnA mutants fail to derepress Hut and other regulated enzymes in response to nitrogen limitation (Reg- [28] ). Although the observation of glnA (Reg-) mutations is consistent with a regulatory role, it is also consistent with a polar effect exerted by the mutations on the downstream regulatory genes, glnL and gInG (12, 14, 20) . According to this latter view, glnA (RegC) mutations result from a high level of transcription, under all conditions of nitrogen availability, from glnA into glnL and glnG.
The observation that merodiploids of glnA::Mu glnG+ and glnA+ glnG::Mu were able to iAduce GS in response to nitrogen limitation, but did not activate histidase expression (20) , suggested that transcription from gInA into the downstream genes might be necessary for the Reg+ or RegC phenotypes (29) . We tested directly the hypothesis of genetic polarity in the glnA, glnL, and gInG regions by examining the effect of mutations in transcription termination factor rho on the regulatory phenotype. Mutations in rho suppress polarity (for review, see reference 1) and have been isolated by selection for expression offunction distal to a polar mutation, for example, in the lac (9, 10) and gal (5, 6) operons. The effect of rho on a number of Mu dl insertions in glnA, glnL, and glnG were also examined.
-Our data indicated that GS is not necessary for maximal expression of the Hut genes; our Enzyme aays. Detergent-treated whole-cell preparations were assayed for GS by the procedure of Pahel et al. (21) and for histidase by the procedure of Prival and Masanik (23) . Glutamate dehydrogenase and glutamate synthase were assayed in sonicated cells by the procedure of Meers et al. (16) . ,-Galactosidase was assayed by a modification of the procedure of Miller (17) ; cells were permeabilized by the addition of detergent and MnCl2, as in the histidase and GS assay procedures, rather than by toluene treatment. Enzyme activities were assayed at two or more concentrations of extracts; at least two independent cultures were extracted and assayed for each data point shown.
RadiactIve labeing of cels. Cells were grown in 5 ml of minimal medium containing glucose (0.4%), ammonium sulfate (0.21%), and glutamine (0.2%) at 300C to mid-log phase. The culture was labeled with 20 ILCi of [35S]methionine (New England Nuclear Corp.) for 10 min and chased with excess unlabeled methionine for 5 min. Incubation was terminated by chilling on ice, centrifugation, and freezing the cell pellet. The cells were suspended in 0.2 ml of 25 mM Tris-hydrochloride (pH 7.6)-10 mM,MgCl2-RNase A (50 Fag/ml)-DNase I (300 p.g/ml), and extracts were prepared as described by Roberts and Brill (25) .
Two-dimnsional gel electrophoresis. Reagents (26) and techniques (19) have been described, with the following modifications. The first-dimension tube gels were loaded with 0.1 ml of sample prepared as described above. The slab gels used in the second (sodium dodecyl sulfate) dimension were 1.5 mm thick, and the height of the stacking gel was 1 cm. The gels were run according to the method of Roberts et al. (26) . Gels were fixed in 50%o trichloroacetic acid for 15 min, rinsed in distilled water, and dried onto Whatman 3MM paper with a Hoefer slab gel dryer. They were placed in direct contact with Kodak X-Omat X-ray film for 3 to 10 days at -70°C.
-RESULTS Determination of regulatory phenotype ofginAlinked mutations. A set of 36 spontaneous and mutagen-induced Gin-strains previously shown to be due to mutations in or linked to glnA were assayed for histidase and GS to determine the regulatory phenotype. Enzyme levels for 18 of these mutants are shown in Table 1 . Of the 18 (14) . The distribution of RegC and Reg-alleles with respect to deletions of the glnA gene is shown in Fig. 1 . Seven of the eight rho-suppressible Reg-mutations have been mapped to the promoter-proximal portion of the gene, whereas the RegC mutations are randomly distributed. This result is consistent with the interpretation that the rhosuppressible glnA alleles are polar point mutations, since mutations transcriptionally upstream in a gene tend to exhibit greater polarity than those downstream. The RegC class is presumably composed of nonpolar missense mutations. The Reg-allele that is not suppressed by any of the rho mutations used in this study is located in the promoter-distal deletion interval. Phenotypes were assigned on the basis of histidase production. Each mutation is designated by a letter under the deletion interval (14) in which it was found to map. r, Reg-, rho suppressible; n, Reg-, unaffected by rho; c, RegC.
Detection of GS protein by two-dimensional gel electrophoresis. The protein spots on two-dimensional gels of crude E. coli extracts that comprise adenylylated and nonadenylylated GS have been identified by a number of criteria. Pure reference GS was used to determine the mobility in both dimensions and was mixed with extracts of strains containing glnA insertion mutations to demonstrate that there is no alteration as a result of degradation. The GS spots identified in this manner are often altered or missing in ginA mutants (see below). The intensity of these spots, observed on gels of extracts of wild-type cells, is severely reduced by growth in the presence of ammonia.
Of 11 glnA (RegC) strains analyzed by this technique, 10 produced GS protein. Four of these strains produced GS with wild-type charge, and six produced GS with increased positive or negative charge. The autoradiogram of extracts from cells carrying the ginA1862 (RegC) mutation is shown in Fig. 2B , and that of wild-type cells is shown in Fig. 2A . The GS spots in glnA1862 extracts migrated one charge unit to the right in the first dimension, indicating a net increase in negative charge carried by the mutant GS. The GS was substantially overproduced in glnA1862 cells, as indicated by the difference in exposure of surrounding protein spots for Fig. 2A and B. The presence of the rho-115 mutation did not further alter the charge of the glnA1862 mutant GS (Fig. 2C) . However, the overproduction of GS observed in ginA1862 rho' cells was not observed in ginA1812 rho-llS cells. Similar overproduction of altered GS and reduction of overproduction by rho-llS were observed in other sets of glnA (RegC) strains. This phenomenon of remediation of g1nA (RegC) GS overproduction by the rho-1lS allele has not been further examined.
No GS spots were seen in extracts of four glnA (Reg-) mutant strains. Fig. 3A and B illustrate the absence of GS in glnA202 rho' and glnA202 rho-llS cells, respectively. A similar absence of GS spots was observed with glnA1860 cells (Fig. 3C ) and with glnA1860 rho-115 cells (Fig. 3D) Physiology of Mud fusions in the glnA region and the effects of rho mutations. The genome of the Mu dl phage inserts randomly into E. coli genes, resulting in inactivation of the function of the affected gene and expression of 3-galactosidase at a level that is characteristic of the activity of the promoter that controls the gene into which it has been inserted (4). Mud mutations may perturb regulation of the glnA region by several possible mechanisms: direct inactivation of regulatory proteins as a result of insertion into the genes coding for those proteins (4), polarity of the insertion on downstream regulatory genes, and transcriptional restart from a Mud promoter.
In spite of these complexities of interpretation, several observations have accrued from assays of histidase, GS, and ,-galactosidase in cells containing Mud fusions in the glnA region. The level of ,B-galactosidase in cells carrying mutation glnAlO49::Mu dl was 3,650 U in cells grown with excess nitrogen and 5,700 in cells grown with limiting nitrogen. Similar results were obtained with a rho-llS derivative. Hence, ,3-galactosidase is produced in cells devoid of GS (less than 0.01 U) activity, and a small increase in synthesis is induced by starvation for nitrogen. No histidase activation was observed in this strain or in its rho mutant derivatives.
Substantial induction of GS was observed in cells carrying the mutation glnL1162::Mu dl in response to nitrogen limitation (Table 3) , and this enzyme was induced to an even greater specific activity in the rho-llS derivative. 1 (14) ; (ii) they fail to make detectable GS on gels, a result expected of polar mutations but not most nonpolar ones; (iii) they cluster at the promoterproximal end of glnA, where polat effects would be maximized (1); and (iv) the regulatory phenotypes associated with these mutations are suppressed by rho mutations. Hence, the glnA (Reg-) mutations result in decreasing transcription of genes downstream from the gInA promoter.
Other studies have revealed the existence of two genes adjacent to g1nA. These are identified as ntrB and ntrC in £. coli and Salmonella typhimurium (15) and also as ginL and glnG in E. coli (2, 20) . Our studies support the model of regulatory functions assigned to products of these genes rather than uniquely to GS protein.
The direction of transcription of the glnA gene has been determined for K. aerogenes (30) and for E. coli (2, 13, 27) . The ginA, glnL, and glnG genes in E. coli are transcribed in the same direction, counter-clockwise on the standard map, consistent with the notion that loss of termination factor rho can affect regulation of these genes.
We show that histidase activation does not require GS, since histidase is synthesized at high levels by cells that carry a rho mutation in addition to a Reg-mutation such as ginA1860 or ginA202. Crude extracts of these strains do not display GS protein by two-dimensional gel electrophoresis. The glnA (RegC) mutations that result in constitutive synthesis of histidase are It is likely that the effect of rho mutations on polar ginA mutations is not due to an undefined metabolic imbalance but occurs at the level of transcripts that originate from the ginA promoter. When transcription from the ginA promoter is eliminated by glnF mutation, rho alleles do not compensate. The polar effects of ginA::Mud and glnA::TnS insertions are not altered by rho mutation. It therefore appears that the ginA alleles that are susceptible to suppression by rho are polar point mutations, and that suppression of the Reg-phenotype is due to increased levels of expression of glnL and glnG, i.e., to relief of polarity.
We propose the following model: any situation that imposes nitrogen limitation will result in elevated transcription from the glnA promoter. ginA mutants may be limited for nitrogen even though glutamate dehydrogenase is present, if most ammonia is normally assimilated into the cell as a result of GS activity. The phenotype of Gln-(RegC) mutants results directly from this increased transcription; GS is synthesized, and polarity on glnL and glnG is not manifested. In the case of Gln-Reg-mutants, translation of GS is terminated and polarity occurs. Suppression of polarity by rho mutations allows this elevated transcription to extend to the end of glnA and into glnL and ginG. This latter process involves read-through past a rhodependent termination site.
